O bituary Notices C. A. Bjerknes was seeking the theory and the explanation in hydrodynamics. He continued his search throughout his life and he inspired his son both with enthusiasm for his ideas and with th^ conviction that, owing to his desire for perfection or completeness, his work had not been published when it should have been. The result was that V. Bjerknes devoted a series of lectures in his first professional post at Stockholm, to the exposition and development of those ideas. He published the lectures in [1900] [1901] [1902] in two volumes on Hydrodynamic action at a distance according to C. A. Bjerknes' theory, acknowledging the assistance in development which he owed to his acquaintance with the work of Clerk Maxwell and of Oliver Heaviside.
V. Bjerknes had great admiration for Oliver Heaviside whom he described, in the memorial lecture of 1903 mentioned above, as 'the deepest present judge of Maxwell's theory'. In 1922, in a letter to Heaviside, he wrote, 'It is not unlikely that I shall write something presently of my old master Hertz in whose laboratory I worked 1890-1891. I am one of his very few personal pupils. This makes it a duty for me to bring some recollections of him. I have always considered him and you as the two only real inheritors of Maxwell and I am very glad that I have had the good luck to come into personal contact with these two only ones.' This duty Bjerknes fulfilled in an introduction, dedicated to the memory of Hertz, to a collection of papers on electric resonance published in 1923. Heaviside lent the copy, presented to him by Bjerknes, to Dr G. F. C. Searle who, in response to Heaviside's request for its return asked to keep it longer to 'lend to Mr E. V. Appleton who has gone a long way into the mathematics of oscillation'. Heaviside quoted this in a letter to Bjerknes begging for a second copy.
The correspondence between Bjerknes and Heaviside began in 1900 and was renewed after the First World War and a visit which Bjerknes paid in 1919 to Heaviside, then living in straitened circumstances and loneliness at Torquay. One bond between them was their desire for rational units. In 1900 Heaviside wrote 'it is merely a matter of time to overcome the innate conserva tism of man in modes of expression'. In 1909 he is regretting his inability to send Bjerknes copies of his 'Electrical Papers'. Nearly half of the 750 printed copies were sold five years after publication, without reference to Heaviside, at reduced prices: 10s., 2s. 6d., and then all the unbound remainder at Is. 6d. Then a technical journal secured some of the unbound copies from a 'lumber man' and the price went up to 63s., Heaviside himself obtaining a copy for Professor Lenard at the reduced price of 30s. Ironically enough, over thirty years later, Bjerknes himself was to see an unauthorized Japanese edition of his own book Hydrodynamique Physique issued in Japan and the stock of the German edition seized at the end of the world war and an unauthorized reprint of it made in the U.S.A.
Much of the later correspondence refers to the difficulties of living and to the frontal meteorology about which Heaviside wrote in 1921: 'I have the greatest possible pleasure to inform you that you have adopted the precise method I have had in operation all my life. Qualitatively, I mean, of course, I would not dream of robbing you of the great results you and your son and Solberg have arrived at, by any suggestion of my having anticipated your theory of the sneaking round of the warm air to the polar regions in a circumbendious manner. ' This correspondence illustrates the 'loyalty' of Bjerknes' character, which, not unnaturally, reached its highest level in his development of his father's work. I remember well the profound impression produced on my mind by the revelation of simple unconscious unselfishness when Bjerknes told me in November 1919 , an exceptionally cold month, bitterly bleak with post-war austerity, that he was making a special journey to Torquay to see Heaviside and at the same time to find out if he could assist in mitigating the hardships of Heaviside's living and financial conditions. V. Bjerknes was educated at the University of Christiania and began during his student years to assist in his father's researches in hydrodynamics. He published a short paper, 'New hydrodynamic investigations' in 1882. Then came a decade during which he was developing his powers. He realized, as his father had done, that he must go to other centres of learning if he wished to become truly a 'man of science'. So in 1889-1890 he listened to Poincare in Paris and in 1890-1891 he worked under Hertz in his laboratory at Bonn. He published a number of papers in different journals in 1891-1895, concerned mainly with the damping of Hertzian waves and with the phenomena of electric resonance. These papers formed together a notable contribution to radio development at a time when electric waves were in their infancy.
In 1893 he was appointed Professor of Physics at Stockholm. There, as already mentioned, he devoted his lectures on hydrodynamics to the exposition and development of his father's work. This led him to the discovery in 1897 of the generalization of the circulation theorem of Helmholtz and Kelvin. They had shown that for a fluid in which the density is a function of the pressure only, the circulation in a closed circuit is constant-if the motion of the fluid is initially irrotational it will continue to be so.
In his development of his father's work, Bjerknes introduced the idea of replacing the spheres and cylinders by 'fluid bodies', and in investigating the formation of eddies in the layer between a 'fluid body' and the surrounding fluid, he was led to the following result for the variation in the circulation C where s is specific volume and p is pressure and N is the net number of 'solenoids' enclosed by the circuit. [A solenoid is the tube formed by the inter sections of a consecutive pair of isobaric surfaces at unit interval with a pair of isosteric surfaces (level surfaces of s) also at unit interval. The positive sense of the solenoid is conventionally that for which a right-handed screw rotation about the line of intersection of the p surface and the s surface would bring the , $ + 1 line to the p-1 surface.] If the density, and therefore the specific volume, depend only on the pressure, the isobaric and isosteric surfaces are parallel: there are no solenoids, and the circulation C is constant. But in the atmosphere the density depends upon the temperature and humidity, and in the ocean upon the temperature and the salinity, as well as on the pressure. The isobaric and isosteric surfaces are not parallel and a closed circuit in general encloses a number of solenoids, positive or negative, or both. Consequently Bjerknes' result was of great importance in the theory of atmospheric and oceanic circulation. Actually the result had been discovered independently by Silberstein in 1896, but no application had been made of it and as Bjerknes said in 1932, 'even now, thirty years later, it is exceptional to find in treatises on hydrodynamics any reference to these theorems on the formation of eddies'.
Bjerknes himself grasped the significance of his result for the atmosphere and the ocean. In 1900 he indicated its application to the explanation of land and sea breezes, of mountain and valley winds and, qualitatively, to the develop ment of cyclone and anticyclone as consequences of streams of rising warm air and falling cold air respectively. [It is interesting in view of developments nearly twenty years later to find his explicit statement in this 1900 paper that cyclones and anticyclones might be boundary phenomena between the great streams of the general circulation.]
He described his applications to the atmosphere as qualitative, although the 'law' was a quantitative one, because no allowance was made in it for the effect of the earth's rotation and for friction. Two years later he published the
where c oi s the angular velocity of rotation of the earth and A is the area of th projection of the circuit on the equatorial plane, and R is the friction term.
Two important deductions Bjerknes drew from this equation were: (a) a circuit which contracts develops a cyclonic, and one which expands an anticyclonic, circulation; (b) a circuit, originally vertical, which becomes inclined, acquires a circulation such that its projection on a horizontal plane is anticyclonic.
He pointed out that a simple direct application of ( ) proves that in those latitudes where the increase of the westerly component of the wind with height exceeds about 4 knots per 1000 m. the lower layers must move polewards and the upper layers equatorwards. This supports, with a quantitative criterion, the character of the general circulation which James Thomson had formulated qualitatively in his Bakerian Lecture of 1892, 'On the grand currents of atmospheric circulation'. Without the increase of the westerly wind with height, the circulation would be towards the equator at the surface and from the equator at higher levels.
These two papers showed the incursion of a new and powerful mind into synoptic meteorology and indicated a turning point in Bjerknes' lifemeteorology replaced electromagnetism.
In 1904 he outlined his plan for the application of the methods and principles of dynamical meteorology to the problem of weather forecasting. It consisted first in the development of observations at all heights, and at suitable short intervals of time, then the utilization of the observations to make a workable representation of the physical condition of the atmosphere, and, finally, by graphical or other methods, to effect such an approximate integration of the hydrodynamical equations as to permit the construction of a similar representa tion of the physical conditions at an epoch finitely subsequent to that of the observations. Comparison of the deduced with the actual representation would enable the theory and its application to be perfected.
In pursuance of this aim, after delivering a course of lectures in 1905 at Columbia University, New York, on the hydrodynamical work of his father and himself, he subsequently visited Washington, where he gave a public lecture on his plan and obtained from the Carnegie Institute funds to enable him to employ assistants in the necessarily lengthy computations and manipula tion of data required in his research. He had already enlisted the cooperation of J. W. Sandstrom who, in his application of Bjerknes' circulation law to conditions in Europe had arrived at the apparently paradoxical result that cyclones there usually have a cold centre and anticyclones a warm centreparadoxical because cyclones, being regions of precipitation and therefore of rising air had been regarded as necessarily regions of relatively warm air and vice versa for anticyclones. Sandstrom had also helped Bjerknes in the prepara tion of tables for the reduction of upper air observations obtained by the cooperation of different countries in making these expensive, and at that time infrequent, observations on the same days in each month.
These tables were now expanded and, with a text of principles and examples of application, formed the first volume, Statics, of an ambitious work, Dynamical meteorology and hydrography. This first volume was published in 1910 by the Carnegie Institute and a second volume, Kinematics, by Bjerknes, Th. Hesselberg and O. Devik was issued in 1911.
The work was intended to treat as completely as possible the problems of 'diagnosis' and 'prognosis' for the atmosphere and ocean-to present in an ordered and rational form the principles of mathematical physics relevant to meteorology and hydrography and the practical methods of applying these principles to the problems of forecasting the weather and the currents, temperature and salinity of the oceans.
The two volumes issued were concerned with 'diagnosis'. The third volume, Dynamics, was to be devoted to 'prognosis'. The First World War intervened and although the preparation of the volume was not abandoned, the manuscript was not completed until after the Second World War and Bjerknes did not live to see it published. Substantially its place was taken by Physical hydrodynamics and the application to meteorology, published in 1934, though this did not include the details of methods of analysis of meteorological charts which form an essential feature of practical weather forecasting.
Bjerknes was emphatic, and rightly so, about the importance of a universal coordinated system of units for meteorology. Only with such a system could there be any hope of putting together the enormous number of observations of 3°8 Obituary Notices the existing state of the atmosphere at different levels over the globe in such a way as to enable the meteorologist to grasp the whole picture and compute the developments in it.
Bjerknes proposed the megadyne per cm.1 2 as the primary unit of pressure, with the name 'bar', and the 'dynamic' decimetre as the primary unit of gravity potential (now usually called geopotential). For the practical unit of pressure he proposed the millibar, to replace the inch and the millimetre of mercury [qualified by the condition, necessary for comparability, 'at standard tempera ture, and under standard gravity defined as that at sea level in latitude 45°']. For geopotential he proposed the dynamic metre (approximately 1-02 metre) and for temperature either degrees C or 2 7 3 + degrees C. He used the conven tional 'virtual temperature', introduced by Guldberg and Mohn in 1876, to allow for humidity in its effect on density, permitting the equation to be applied to moist air with the same value of R as for dry air.
The 'dynamic' metre, approved internationally for geopotential in 1929 has been replaced in 1947 by the geopotential metre (gpm).
'Virtual temperature' has remained an element for use in textbooks.
The millibar has become established throughout the world in meteorology and in international aviation. It is a convenient practical unit; its use saves the daily conversion of thousands of individual values of pressure and eliminates the errors inevitable in such conversions. It constitutes a notable contribution to practical meteorology and to international accord.
Perhaps the most important result in the second volume is the elimination of the density from the equation for the geostrophic wind by utilizing the slope of the isobaric surface instead of the gradient of pressure on a geopotential surface. The two corresponding equations for the geostrophic wind, are 2 a)V &in (f>=-where hi s the height of an isobaric surface and 1 dp -p ^ where p is the atmospheric pressure on a geopotential surface. The variable p in the second form is replaced by the (approximately) constant g in the first form, with the consequence that the distance between contour lines on an isobaric surface is an inverse measure of the geostrophic wind. The systems of contour lines, at different pressure levels in the atmosphere, are therefore directly comparable as representative not merely of the pressure distribution but also of the motion in the successive layers. It is this quality which has been predominant in influencing meteorological services to use contour lines on isobaric surfaces in place of isobars on geopotential surfaces in applying upper air observations to diagnosis and prognosis. When Bjerknes sought to apply his methods, he met with a difficulty, 'greater than all others, that of getting observations which could be, or deserved to be, treated according to rational dynamical methods'. He accordingly sought an opportunity to propound his views on the system of observations necessary to remedy this defect and came to London in 1910 for this purpose, mainly because Dr W. N. Shaw was then President of the International Meteorological Committee, the body whose blessing was necessary to the acceptance of any proposal to modify the agreed international system of synoptic observations. Bjerknes gave an illuminating lecture on the representation of atmospheric motion by lines of flow, which, in combination with charts of pressure distribu tion, would permit the computation of the field of motion at an epoch, 'say, three hours after the epoch of observation'. [The lines of convergence in the charts illustrating the lecture are the precursors of the 'fronts', of the later Bergen school, dividing air masses of different density and temperature.] He proposed a system of 'observations of all meteorological elements for every hour of Greenwich time', supplemented by pilot balloon observations every three hours and registering balloon observations every six hours. This was much too ambitious for the Directors of Meteorological services who, at that time, were supplied, reluctantly, by their Governments with funds inadequate in many cases for more than one observation per day. Twenty years later his system had begun partially for aviation and in another ten years was in actual operation in many countries. As he said at the close of his lecture, 'the development of aeronautics will make these observations [in the higher strata] not only possible but also necessary'.
In 1907 Bjerknes had left Stockholm for Christiania; the possibility of his coming to work in England was in Dr W. N. Shaw's mind in 1910, but there was no suitable post which could be offered to him. Two years later he went to Leipzig as Professor in the University with the duty of forming and directing a Geophysical Institute (provided largely owing to the efforts of the physicist Otto Wiener) in which researches, such as those Bjerknes had initiated, could be pursued. [He was offered the seismographs already working in the cellar of the Geological Institute. He declined the offer. A plan for aerological ascents was proposed. He replied that he would rather found the first Institute to bring rigorous theory into meteorology than start a second Lindenberg Observatory. Blinkered he may have been, but it was, in the circumstances of the time, the right policy. In the course of time the activities of the Institute were extended and by 1935 included both an 'earthquake' observatory and a terrestrial magnetism building.]
Bjerknes soon had a notable band of workers-Th. Hesselberg, H. Sverdrup, R. Wenger, A. Friedman, H. Solberg and later his son, J. Bjerknes, and a dozen research students. Results of their work were made available in two series of publications, Synoptic representation of atmospheric conditions over Europe and Special researches. The latter contained papers of outstanding importance by Hesselberg, Sverdrup and later by Bergeron and Swoboda, Haurwitz and Penndorf. But the work had only just got under way when war broke out in 1914. Soon the German assistants and the research students were called away; five lost their lives, among them one Petzold, at Verdun in 1916, who, in Bjerknes' opinion, might well, if he had lived, have taken the first steps in t e Polar Front theory.
; B jerknes, left finally with only two Norwegian assistants and some German women students, had to abandon his ambitious plan. He began to examine Ihe possibility that cyclones might begin as waves, an idea suggested to him by a remark in a paper by Helmholtz that whirls in the atmosphere must originate from wave formation. But conditions in Germany deteriorated and in the 'Kohlriibe' winter of [1916] [1917] he was unable to obtain enough food to sustain his mental power. When, therefore, he was invited to go to Bergen in the spring of 1917 he found himself in a dilemma. 'Was it right to leave the new Institute at a critical time?' 'Could he make any progress at Leipzig towards achieving the object for which he had come there?' He decided to accept the invitation to Bergen, but only when he had managed to secure the release from military service of his able assistant R. Wenger to take his place at Leipzig and Wenger's agreement that as soon as better times came there should be close collaboration between Leipzig and Bergen in working out the original program.
At Bergen, Bjerknes found the lack of foreign reports made work on the lines planned out of the question. So he secured the establishment in Norway itself of a very close network of synoptic observations 'to bring the weather, so to speak, under the microscope'. He had two objects in view. He aimed at preparing short period forecasts for agriculturists and fishermen. Their produce was more necessary than ever on account of the war and their operations were more than ever difficult to execute owing to the lack of the weather reports from abroad on which forecasts had been largely based. He had also the hope that some new scientific results would emerge, especially as Norway had 'the stormiest and meteorologically most eventful coasts in Europe'. Both aims were achieved-the second surpassing all expectation.
It was found that cyclones did in fact begin with a wave-like deformation of the surface separating air masses of different temperature and density and the result was arrived at 'not through year-long calculations as I had visualized in my inaugural lecture at Leipzig but by rapid assessments'-the intuition combined with concentrated work and thought to which many major scientific discoveries are due. But Bjerknes was careful to emphasize that there was no contradiction between the old Leipzig school and the Bergen school; the latter was a continuation of the former and the Leipzig share was not merely sub stantial, it was indispensable for the final issue.
He was careful, too, to give full credit to his three assistants, H. Solberg, j. Bjerknes and T. Bergeron. In his own words, 'these three have created the new weather service'. But none of these three would dissent from the view, expressed by T. Bergeron in 1942, that V. Bjerknes and his collaborators from many countries built Modern Dynamic and Synoptic Meteorology, and in all this work V. Bjerknes was the 'primus motor', the inspiring and advising leader. In the following years Bjerknes, like a Carlylean Prophet, could watch meteorologists from all over the world come to the Bergen Mecca to learn the methods of the Bergen School and by their mutual discussions to stimulate the Bergen meteorologists in the further development of the science; and later from Oslo-Medina could see his missionaries go far and wide converting to the science of prevision, by example and precept, those trained in the art of forecasting and in charge of its practice. 
at which the program for succeeding years was agreed. But he had little inclination for the administrative and organizing work required of the President of that Commission; and he was glad to be able to transfer the charge after the meeting to Sir Napier Shaw.
fo r the next five years he continued to guide the researches at Bergen, but in 1926 the school divided and Bjerknes, taking Solberg with him, returned to Christiania, now become Oslo, to his former chair at the University. There they continued the collaboration, begun at Leipzig, in the mathematical investi gation of cyclones and waves in the atmosphere while the Bergen section continued on the lines which had already proved so fruitful. Both sections were in fact, if not avowedly, preparing the way for the book Physical , so named because it dealt with the compressible, non-homogeneous fluids of geophysics and therefore differed from classical hydrodynamics which dealt for the most part with homogeneous incompressible fluids. In 1924 Bjerknes had given a course of lectures on hydrodynamics at the California Institute of Technology and he was asked to repeat the course at Paris and to put his notes in a form suitable for publication in the series Conference Rapports de Documenta tion sur la Physique. In this latter project he had the assistance of many who had worked with him at Leipzig and Bergen-J. Bjerknes It includes also a discussion of the types of wave formed at the surface of separation of a cold and warm air mass on a rotating earth, which can give rise to cyclones. No type, of the theory, corresponds fully with the waves from which cyclones originate, but two of the types satisfy the necessary condition of instability and have velocities of the right order of magnitude. They do not, however, become unstable unless or until there is appreciable relative motion of the two air masses, an important result of the investigation. The mathematics of the theory, much of which is due to Solberg, is long and complicated, but the result is a notable advance along the lines indicated by Bjerknes towards the solution of a fundamental problem of meteorology.
After retiring from his professorship at Oslo in 1932 Bjerknes became President of the Association of Meteorology of the International Union of Geodesy and Geophysics which met under his direction at Edinburgh in 1936. In 1938 he gave an address at the Silver Jubilee celebrations of the Leipzig Geophysical Institute and at the end exhorted his listeners not to be discouraged by the fact that the problem of calculated weather forecasts, in spite of all the progress made, had not been solved and might perhaps never be satisfactorily solved, but to remember that steering for a distant aim gives a steady course. This we might learn from seamen who steered for the stars, not to reach them, but to be certain of a steady course. 'Do not forget', said he, 'to steer for the stars'. That, indeed, epitomized Bjerknes' life.
He returned to Oslo where his sister-in-law, Professor Kristine Bonnevie, who had been housekeeper and companion to him after his wife's death in 1928, continued so until her death in 1948. The outbreak of war in 1939 was a sore blow to Bjerknes, imbued as he was with ideals of international friendship and cooperation and with his many ties with Germany and German scientific life. During the occupation of Norway he showed towards the invaders a dignified and courageous severity.
His friends in Sweden, with the participation of some of those in Finland, Denmark and Iceland, showed their sympathy and their desire to relieve, at least partially, the gloom by preparing a volume of scientific contributions dedicated to Bjerknes in honour of his eightieth birthday on 14 March 1942. The volume, published in Stockholm, includes a list of nearly 300 scientists and twenty-five scientific institutions, indicating their regard for Bjerknes by sharing the cost of its production.
Bjerknes paid his last visit to England in 1946 when he was one of the four delegates from Norway who came by air, Bjerknes being then eighty-four, to the Newton Tercentenary Celebrations. He was still active and even in the summer of 1948 he was looking forward to his winter ski-ing. It is pleasant to know that after the death of his sister-in-law he was not left to lonelinesshis brother Ernst went to live with him until his death on 9 April 1951.
Bjerknes married, in 1893, S. H. Bonnevie, a natural science student at the University of Christiania, a member of a Huguenot family which left Antibes in Provence and settled in Norway at the time of the persecution of the Huguenots. Her warm-hearted and gracious hospitality contributed in no small degree to the happy social atmosphere of the meteorological community at Bergen and of the international meetings there in 1920 and 1921. They had four sons.
Bjerknes was dignified in manner, in appearance and in his presentation of his scientific work, but with his dignity he combined a certain modesty and an enthusiasm which both attracted and stimulated younger men. Through them his influence on meteorological development has been outstanding in the meteorological services of all nations. One of these younger men, T . Bergeron, writes: 'If anything should be added [to the above characterization] it might be a keen sense of humour and a certain one-sidedness. The latter quality was in most cases a merit with V. B. In fact, it may partly explain the importanc Science of his achievements. . . . By being in some respects "one sided" he could concentrate all his time, thinking, and force on this one object, and so he never lost the final goal out of sight. The same was the case when the cyclone structure, the fronts and the air masses were discovered-by others it is true, but he believed in them, fanatically, and put all his authority behind the new findings and the young people. So at last we won the battle. 'The qualities just described with an ordinary, only theoretically working scientist, might have formed a dry, rather inhuman and pedantic person. The fine sense of humour which V. B. possessed, together with his genius, his far sightedness, increased during a long and migrating career, made him a very human individual. But he was certainly a little shy or repressed.
'More than once I heard him state that he never learned easily, that he lacked the natural ability for easily communicating his thoughts verbally or in writing, that he had to be a hard worker-and certainly he was one.
'Although he never drew a weather map and became more and more a theoretician, he certainly was quite a practical man from the start in many respects. In 1918, as the new network of stations was erected in Norway, he and his young people, or he alone, went around by boat to find new sites for stations. He had personally constructed the apparatus for demonstrating the effect of the oscillating spheres, etc. During the winter 1919-1920 all we young people were very busy "finding the wrinkles in the face of the weather" and V. B. could not help us at the maps. He then started to carry coal from the cellar and to attend to all the ovens [stoves?] so we should not need to stop working from chilliness during cold spells. "Thus I am useful anyhow " , he chuckled. The examples could be multiplied. . . . 'He pursued in every respect a straight course through life.'
He was an Honorary Member of the Royal Meteorological Society (1913) and a Foreign Member of the Royal Society of Edinburgh (1930) and a Member of the Royal Institution (1922 
